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Kuroshio–Oyashio Extension regionVariability in the chlorophyll a concentration (Chl) in relation to ﬂuctuations in the mixed layer (ML) was inves-
tigated togetherwith turbidity (Tur) in theKuroshio–Oyashio Extension region, using proﬁlingﬂoats. A particular
focus was the validity of two hypotheses concerning the spring bloom: the critical depth hypothesis (CDH) and
the recently proposed alternative, the disturbance-recovery hypothesis (DRH). During the period fromwinter to
early spring, Chl and Tur integrated over the photosynthetically active layer (PL; deﬁned as the greatest depth of
the ML and the euphotic layer) increased with increasing PL depth (PLD), indicating an increase in the phyto-
plankton biomass. This result is partly consistent with the DRH in that the observed increase in biomass was
not explained by an increase in production. Instead, it was more likely attributable to a reduction in the loss
rate. However, theoretical analyses revealed that grazer dilution alone could not cause this increase in biomass
because such an increase in the ML in the real ocean (as opposed to a dilution experiment within a bottle)
would cause a reduction in the mean light intensity. Despite the loss-controlled ﬂuctuation in biomass during
the period of low light, a production-driven ﬂuctuation in biomass was also revealed. This occurred when the
light intensity was elevated, particularly after late spring, and was consistent with the CDH. Thus, the present
study suggests that both the production-driven and loss-driven hypotheses are responsible for the dynamics of
the phytoplankton dynamics from winter to spring in the Kuroshio–Oyashio Extension region.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
In middle- and high-latitude oceans, the abundance and vertical dis-
tribution of phytoplankton from winter to spring are strongly linked to
the variability in the surface mixed layer (ML). During winter, the phy-
toplankton concentration is generally low and homogeneous within a
deep ML, in which themean light intensity is low. In spring, the surface
phytoplankton concentration increases markedly (called the “spring
bloom”) in association with ML shoaling, which increases the mean
light intensity. Sverdrup (1953) hypothesized that the spring bloom oc-
curs when the ML becomes shallower than a critical depth, deﬁned as
the depth above which the areal gross production and loss of biomass
are in balance. This is called the “critical depth hypothesis” (hereafter
referred to as the CDH; nonstandard abbreviations are listed in Table 1).
The CDH has been used in variousmarine areas to investigate the con-
ditions that initiate the spring bloom. For example, using climatological
temperature and satellite ocean color data, Obata et al. (1996) investigatedarch Institute, The University of
Japan. Tel.: +81 4 7136 6326,
. This is an open access article underthe global validity of theCDHbasedona constant compensation irradiance
(the irradiance level at which gross production balances the loss in bio-
mass) of 1.5 Wm−2 (~0.43 mol quanta m−2 day−1). They found that
the CDH explains basin-scale features of the spring bloom in the North
Atlantic andwestern North Paciﬁc, where the chlorophyll a concentration
(Chl) at the surface typically doubles fromMarch toMay, when themixed
layer depth (MLD) becomes shallower than the critical depth. Whereas
Obata et al. (1996) veriﬁed theCDHusing agiven compensation irradiance
based on a phytoplankton culture experiment, Siegel et al. (2002) as-
sumed theCDHandestimated the spatial distributionof the compensation
irradiance (corresponding to the irradiance that balances the total loss) at
the time of bloom initiation (deﬁned as the time when the surface Chl
exceeds themedian value by5%) in theNorthAtlantic bymeansof satellite
remote sensing and hydrographic datasets. The estimated values were
typically within the range of 1–1.5 mol quanta m−2 d−1 (range of zonal
mean values) in the region 40–75°N in February to May.
Many studies have identiﬁed problemswith the CDH (e.g., Smetacek
and Passow, 1990; Nelson and Smith, 1991; Townsend et al., 1992;
Stramska and Dickey, 1993; Marra and Barber, 2005). These problems
were particularly related to several assumptions made by Sverdrup
(1953) in the simple water column model that was used to assess the
balance between production and loss. These assumptions included athe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Nonstandard abbreviations and variables.
CDH Critical depth hypothesis proposed by Sverdrup (1953)
DRH Dilution recoupling hypothesis proposed by Behrenfeld (2010)
Δσθ Drop in potential density from 10 m depth that deﬁnes the
mixed layer depth
Z0.415 Depth at which photosynthetically available radiation reaches
0.415 mol quanta m−2 d−1 (assumed irradiance limit for
photosynthesis)
PL; PLD Photosynthetically active layer, deﬁned as either MLD or Z0.415,
whichever is deeper; PL depth
M-Chl (I-Chl) Mean (integrated) chlorophyll a concentration within the PL
M-Tur (I-Tur) Mean (integrated) turbidity within the PL
M-PAR Mean photosynthetically available radiation within the PL
F96 and F97 The two proﬁling ﬂoats used in the present study
WES Period from winter to early spring when theM-Chl was
observed to be stable
TR Period of transition following the WES period until the spring
bloom
2 S. Itoh et al. / Journal of Marine Systems 151 (2015) 1–14fully turbulent surface ML, a constant light attenuation coefﬁcient with
respect to depth, a linear relationship between light level and photosyn-
thetic production rate, and a known (ﬁxed for the water column con-
cerned) compensation irradiance. It is noteworthy that the third and
fourth assumptions are used to derive the ﬁxed respiration (loss) rate,
which is considered constant within the ML. These issues related to
the deﬁnition of the surface ML and the ﬁxed loss rate have been
highlighted in recent studies, including those of Taylor and Ferrari
(2011) and Behrenfeld (2010), respectively. Below, we brieﬂy review
the background and studies related to these two issues of the deﬁnition
of the surface ML and the ﬁxed loss rate.
The ﬁrst issue concerns the assumption of a fully turbulent surface
ML. The photosynthetically available radiation (PAR) for individual phy-
toplankton cells decreaseswith increasingdepth, evenwithinMLs char-
acterized by homogeneous water properties, and the differences in PAR
for cells only become negligible if PAR is averaged over a period longer
than the time scale of vertical mixing within the ML. If the time scale of
verticalmixing is longer than that of the gross growth of phytoplankton,
the difference in the light level can create a vertical gradient in phyto-
plankton growth rates. More speciﬁcally, if turbulence is weak within
the ML, a phytoplankton bloom can occur in the upper part of the
layer, as proposed by Huisman et al. (1999). Based on this “critical tur-
bulence hypothesis”, Taylor and Ferrari (2011) showed analytically
and numerically that shutdown of atmospheric cooling can cause a
spring bloom.
Although Taylor and Ferrari (2011) assumed a deepMLDwithweak-
ened turbulence, theMLD in the real ocean generally reﬂects the turbu-
lence intensity and the surface heat ﬂux. Their numerical modeling
reproduced an increase in phytoplankton concentration within the
upper part of the deep ML identiﬁed from density stratiﬁcation. We as-
sume, however, results would be different if they had considered
mixing caused by wind. Because the turbulent kinetic energy input from
the wind is converted into potential energy, the shutdown of atmospheric
cooling alone cannot suppress increasing upper layer potential energy,
i.e., mixed layer development. Cessation of the mixed layer deepening
needs loss of potential energy to be balanced with the energy input from
wind, and this is achieved by atmospheric heating. The mixed layer at this
moment can be diagnosed from converted turbulent energy forced by
wind, and the net loss of potential energy by heating (e.g., Kraus and
Turner, 1967). If wind is weak enough, mixed layer depth can be shallow;
however, temperature increase (or potential density decrease) within the
mixed layer can also be small if heating is moderate.
Although the MLD has been deﬁned in practical terms using dif-
ferences in water properties from the surface to depth, the criteria for
establishing these differences (i.e., the extent of the drop in tempera-
ture, ΔT, or the rise in potential density, Δσθ) have been arbitrary. The
most commonly used parameter is Δσθ = 0.125 kg m−3, which notonly has mainly been used to calculate the mean of multiple proﬁles
(e.g., Levitus, 1983), but also has been applied to individual proﬁles
(e.g., Suga et al., 2004). Because this value ofΔσθwas originally proposed
for climatological proﬁles, its application to individual or averagedproﬁles
in the absence of ensemble proﬁles could result in it failing to identify the
shoaling of the ML with small density difference caused by moderate
heating, as discussed in the previous paragraph. For example, based on
observations in the vicinity of New Zealand, Chiswell (2011) found ele-
vated Chl in near-surface sublayers when it shoaled, deﬁned using
0.025σθ. At the same time, the MLD deﬁned using 0.125σθ remained
deep (Fig. 4 in Chiswell, 2011). Based on this observation, a stratiﬁcation
onset model was proposed for the spring bloom. However, we assume
that the results of Chiswell (2011) would be consistent with the CDH
whenΔσθ=0.025 kgm−3. Therefore, deﬁning theML tomakes it equiv-
alent to the fully turbulent surface layer renders the “critical turbulence
hypothesis” consistent with the CDH.
The second issue concerns the assumption of a ﬁxed loss rate. Among
many criticisms of this assumption, the one raisedbyBehrenfeld (2010) is
fundamental. Based on analyses of satellite-derived phytoplankton data
for the subarctic North Atlantic Ocean, Behrenfeld (2010) found that an
increase in the surface Chl occurred before the MLD shoaled, at approxi-
mately the time when the ML ceased deepening. More importantly, the
concentration of phytoplankton-based carbon, integrated over theML, in-
creased in mid-winter when the MLD was increasing. Because the in-
crease in biomass at the time of the lowest light levels cannot be
explained by an increase in gross production (as suggested by the CDH),
it has likely been caused by a reduction in losses. By analogy with the di-
lution experiment within a bottle (Landry and Hassett, 1982), Behrenfeld
(2010) attributed the biomass increase to a reduction in grazing pressure
resulting from the dilution of the ML by water from a deeper layer (orig-
inally termed the “dilution recoupling hypothesis”, later expanded by
Behrenfeld and Boss, 2014 as “disturbance-recovery hypothesis”, and
hereinafter referred to as DRH). The occurrence of positive net growth
in mid-winter was supported by the results of Boss and Behrenfeld
(2010),who used data fromaﬂuorometer attached to a proﬁlingﬂoat de-
ployed in thewestern subarctic North Atlantic Ocean. An early increase in
the integrated biomass was also reproduced using a biogeochemical
model of the subarctic North Atlantic Ocean (Behrenfeld et al., 2013a).
More recently, ﬁeld surveys and incubation experiments for the
winter–spring bloom in the Long Island Sound, northeast of US also sug-
gested the importance of zooplankton grazing (George et al., 2015). The
onset of the bloom occurred when phytoplankton growth rates were
greater than grazing mortality rates by microzooplankton, before ther-
mal stratiﬁcation was achieved. In the western Paciﬁc subarctic gyre,
Matsumoto et al. (2014) found that areal chlorophyll a concentration
remained high despite reduced light availability caused by theML deep-
ening, suggesting the consistency with DRH.
A loss-rate-driven increase in the vertically integrated Chl (I-Chl) in
mid-winter had been reported before the studies discussed above, in
areas other than the North Atlantic Ocean. Based on analyses using a
one-dimensional ecosystem model for the western subarctic gyre of
the North Paciﬁc Ocean, Yoshie et al. (2003) suggested that the vertical-
ly integrated Chl increases in mid-winter because of the dilution effect.
However, as the observational data were very limited (eight occasions,
once per year from 1991 to 1998), the relationship between the MLD
and I-Chl remains to be conﬁrmed. Yasuda and Watanabe (2007) mea-
sured Chl within the subtropical North Paciﬁc Ocean gyre using a pro-
ﬁling ﬂoat. They observed a positive relationship between the MLD
and I-Chl during winter, when the MLD was 100–200 m, but found
that I-Chl was very low when the MLD exceeded 250 m. This result
was interpreted in the context of the CDH. Marra and Barber (2005)
analyzed Joint Global Ocean Flux Study (JGOFS) data for the Arabian
Sea to highlight the importance of the dilution effect, and noted that
their results reﬂected a “natural dilution experiment”.
As brieﬂy reviewed above, although there has been substantial eval-
uation of the validity of the CDH(Sverdrup, 1953), the implication of the
3S. Itoh et al. / Journal of Marine Systems 151 (2015) 1–14DRH (Behrenfeld, 2010; Behrenfeld and Boss, 2014) is clear. The DRH
proposes that a seasonal increase in the phytoplankton biomass is not
caused by an increase in gross production with increasing light avail-
ability in spring, as proposed by the CDH, but by a reduction in the
loss rate through a dilution effect, which can occur in mid-winter.
Whereas the light availability for phytoplankton cells should be related
more to the intensity of turbulence than to the MLD practically deﬁned
by a density proﬁle (Huisman et al., 1999; Taylor and Ferrari, 2011), the
critical turbulence hypothesis also considers the production-driven
onset of the phytoplankton bloom. A comprehensive deﬁnition of the
MLD should include the turbulent surface layer in the real ocean,
where surface stirring by the wind usually contributes to mixing. 130°E  140°E  150°E  160°E30°N 
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Fig. 1.Monthly sea surface chlorophyll a concentrations in the Kuroshio–Oyashio Extension reg
and (e) May. In (a), the paths of the Kuroshio Extension and the Oyashio Currents are drawn sAlthough Behrenfeld (2010) proposed that the DRH should replace
the CDH, a number of subsequent studies did not assess these two hy-
potheses in amanner comparable to that of Behrenfeld (2010). One im-
portant difference was the deﬁnition of “bloom initiation”. Behrenfeld
(2010) regarded the increase in the integrated biomass (based on
Chl), measured in mg m−2, as indicating bloom initiation, whereas
some other studies measured the increase in surface Chl in mg m−3
(Suzuki et al., 2011; Chiswell, 2011; Mahadevan et al., 2012; Lavigne
et al., 2013; Shiozaki et al., 2014). Although these studies generally did
not support the DRH, it could not be rejected because their analyses
were not conducted using I-Chl. Therefore, the issues of whether the
phytoplankton biomass increases in mid-winter or not, and the  170°E  180°  170°W 
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4 S. Itoh et al. / Journal of Marine Systems 151 (2015) 1–14importance of loss effects, remain to be fully investigated. In this study,
we considered these two variables using different units, and the term
“bloom” is used to describe a prominent seasonal peak in the surface
(or mean) Chl.
To investigate the variability in the Chl and its relationship to MLD,
we made continuous observations of chlorophyll a ﬂuorescence in the
Kuroshio–Oyashio Extension region (Fig. 1) using proﬁling ﬂoats with
a ﬂuorescence sensor attached. In the Kuroshio–Oyashio Extension re-
gion in the western North Paciﬁc, deﬁned here as the region between
the Kuroshio Extension and the extension (or return ﬂow) of the
Oyashio Current, an increase in the surface Chl resulting from a phyto-
plankton bloom is generally observed in spring, especially along the
northern ﬂank of the Kuroshio Extension jet (Fig. 1). The Kuroshio–
Oyashio Extension region is a key area for the recruitment of ﬁshery
resources, including the Japanese sardine (Nishikawa et al., 2011). The
main sardine spawning grounds are located in southern coastal areas
of Japan, and large numbers of their eggs and larvae are entrained and
transported along the northern ﬂank of the Kuroshio Extension and
the transition region between the Oyashio (Itoh et al., 2009).
Shiozaki et al. (2014) recently investigated the distribution of the
surface Chl in the western North Paciﬁc, including the Kuroshio–
Oyashio Extension region, using satellite-based data. They reported for
the region north of the Kuroshio Extension, that the onset of the spring
bloom was consistent with the CDH west of 150°E, whereas the east-
ward advection of Chl probably controlled the distribution of Chl east
of 150°E. The validity of the DRH was not assessed, because they only
analyzed the surface Chl.
In the present study, therefore, we assessed the variability of the Chl
in areas north of the Kuroshio Extension from winter to spring using
proﬁling ﬂoats, with particular reference to the validity of the CDH
and the DRH in this region.
2. Materials and methods
2.1. Proﬁling ﬂoats
Two proﬁling ﬂoats (NINJA; Tsurumi-Seiki Co., Ltd.) were deployed
near the separation point of the Kuroshio Current from the continental
margin, during a research cruise (KT-08-7) on the R/V Tansei-maru at
26 April and 2 May, 2008. Each ﬂoat was equipped with a conductivity–
temperature–depth (CTD) proﬁler (SBE41, SeaBird Electronics Inc.) and
a ﬂuorometer with optical scattering measurement (FLNTU, WET Labs),
which includes a wiper to keep the sensor clean. The ﬂoats were pro-
grammed to measure pressure, temperature, salinity, chlorophyll a ﬂuo-
rescence, and particle back-scattering proﬁles down to 500 dBar during
the night, with a vertical measurement interval of approximately 2 dBar
(10 dBar) in the upper 300 dBar (300–500 dBar), and a temporal interval
of 5 days. During the periods betweenproﬁling anddata transmission, the
ﬂoatswere parked at 40dBar,where theymeasured the sameparameters
at 3 hourly intervals. In this study, the dBar pressure unit was assumed to
be equal to the depth inmeters (which is an appropriate assumption con-
sidering the vertical resolution of the data). The two ﬂoatsmeasured pro-
ﬁles over a period of 14 and21months as theymoved generally eastward,
apparently in areas north of the Kuroshio Extension.
The raw data obtained were ﬁrst corrected to exclude unrealistic er-
rors, and ﬁltered using a three-point median ﬁlter to remove noise. The
proﬁle data were then interpolated to 1m intervals using the piecewise
cubic Hermite interpolation method. Although proﬁles were measured
up to 5 m from the surface, we assumed that temperature, salinity,
Chl, and turbidity (Tur) were homogeneous near the surface, and ap-
plied the values for 5 m to the water column above this depth. From
the pressure, temperature, and salinity data, the potential density was
calculated and used to estimate the MLD. The values for 30–50 m
were extracted from among the data obtained during the periods
when the ﬂoats were parked, and subsequently used to investigate the
diurnal cycle of chlorophyll a ﬂuorescence.The ﬂuorometers were calibrated by themanufacturer using the co-
efﬁcients of gain and offset (under dark conditions), but Chl estimated
near the surface (~5 m) was not necessarily comparable to the esti-
mates from satellite data, as reported by Boss et al. (2008). The gain
coefﬁcients of the ﬂuorometers were adjusted to the satellite-derived
data from the Sea-viewingWide Field-of-view Sensor Project (SeaWiFS
Project; see next subsection for the data speciﬁcation), using least-
squares ﬁtting of log-transformed data (Fig. 2). Chl in the low-light
layer (typically below 400 m depth) was approximately 0.1 mg m−3,
with or without adjustment. Therefore, we treated values b 0.1 mg m−3
as zero measurements, to avoid overestimation of I-Chl.
Because the ﬂoats moved eastward for several hundred kilometers,
proﬁlemeasurementswere notmade at the same time on eachmeasure-
ment occasion. Thus, diurnal variations in the in vivo ﬂuorescence were
potentially present in the measured data. Nevertheless, based on data
from the periods when the ﬂoats were parked, the mean amplitudes of
diurnal variations were b10% of the variations in the daily mean (data
not shown). Although other factors such as nonphotochemical quenching
of ﬂuorescence (Marra, 1997) and diurnal-scale photoacclimation could
potentially inﬂuence the observed chlorophyll a ﬂuorescence,we assume
that these effectswereminor at least for periods fromwinter to spring on
which the present study mainly focuses. Therefore, we used the chloro-
phyll a data obtained from ﬂuorescence without considering the diurnal
variations.
Turwas estimated fromoptical scatteringmeasurements at 700 nm in
nephelometric turbidity units (NTU). The typical range of Turmeasured in
the study regionwas 0.04–0.2NTU. However, the sensitivity of the instru-
ment usedwas 0.01NTU,which produced low-resolutionmeasurements,
typically b0.1 NTU. Hence, the main results of the present study were
based onChldata. Nonetheless, the Turdatawere similarly analyzed to in-
vestigate the link between Chl and phytoplankton biomass.
2.2. Satellite observations
The surface Chl and the daily integrated PAR determined for the
wavelength range of 400–700 nm (obtained, processed, and distributed
by the SeaWiFS Project)were downloaded from theNASA SeaWiFS Pro-
ject website (http://oceancolor.gsfc.nasa.gov/SeaWiFS). The eight-day
mean, 9 km resolution, level 3 mapped products were used. Chl and
PAR from the SeaWiFS Project were interpolated for each day and loca-
tion of the proﬁles obtained by the ﬂoats. As precisely comparable tem-
poral and spatial SeaWiFS Project data were not available for many of
the ﬂoat measurement occasions, the nearest SeaWiFS Project date
was selected with respect to time, and Gaussian window averaging
(radius 25 km) was used for spatial measurements. The SeaWiFS prod-
ucts were occasionally unavailable for periods exceeding 8 days, such as
during the period from late April to mid-June 2009. In these cases, the
nearest SeaWiFS Project data within± 20 days were used. Data beyond
this extrapolation were not used in detailed analyses, but are shown in
subsequent ﬁgures, using linear interpolation.
2.3. M-Chl and I-Chl
To assess the variations from winter to spring, we analyzed the
time series of the mean Chl (M-Chl) and I-Chl and the mean Tur
(M-Tur) and integrated Tur (I-Tur) within a PL where phytoplankton
photosynthesis was occurring, wherebyM-Chl × PL depth (PLD) = I-Chl
and M-Tur × PLD = I-Tur (nonstandard abbreviations are listed in
Table 1). The deﬁnition of PL was based on the integration depth deﬁned
by Boss and Behrenfeld (2010): this depth is from the surface to either
the MLD or the depth at which PAR = 0.415 mol quanta m−2 d−1
(Z0.415 is an assumed irradiance limit for photosynthesis; see the fol-
lowing paragraph for the process of estimation), whichever is deeper.
However, we used an MLD criterion Δσθ = 0.025 kg m−3; from 10 m
depth) that differed from the conventional one (Δσθ = 0.125 kg m−3)
used by Boss and Behrenfeld (2010), because we found that with the
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Fig. 2. Comparison of the chlorophyll a concentrations derived from the SeaWiFS product and from theproﬁlingﬂoats (at 5m) for (a) ﬂoat F96, and (b)ﬂoat F97, in the present study.Open
and solid circles indicate raw (factory-set) and adjusted data (see text), respectively.
5S. Itoh et al. / Journal of Marine Systems 151 (2015) 1–14latter, sublayers of signiﬁcantly different Chlwere occasionally included,
as reported by Chiswell (2011). The criterionΔσθ=0.025 kgm−3 is sim-
ilar to thewidely-used value of 0.03 kgm−3 recommended for individual
proﬁles (de Boyer Montégut et al., 2004), but was slightly modiﬁed to
match the observed Chl proﬁles. The PLD was almost equivalent to the
MLD (i.e., MLD N Z0.415) for the period before the bloom (winter to
spring), except that short-term stratiﬁcation occurred several times
during this period.
For each proﬁle, we estimated the light conditions within the water
column using the empirical relationship between the 1% light level and
the surface Chl, proposed by Morel et al. (2007). From the 1% light level
(Z1%), the light attenuation coefﬁcientwithin awater columnwas calcu-
lated as:
k ¼ – log 0:01ð Þ=Z1%: ð1Þ
Using PAR data for the surface, obtained from the SeaWiFS Project,
the PAR at depth z was calculated as:
PAR zð Þ ¼ 0:98  PAR 0ð Þ exp –kzð Þ; ð2Þ
where the coefﬁcient 0.98 is the transmission rate into the ocean used
by Boss and Behrenfeld (2010). We calculate Z0.415 from Eq. (2). The
mean PAR averaged over the PL (M-PAR) was also calculated. The PAR
at the surface is hereafter referred to as S-PAR. By deﬁnition, M-PAR
represents the mean light intensity for photosynthesis within the PL. If
photosynthesis and the loss terms integrated over the PL are equal,
theM-PAR of thatwater column can be interpreted as the compensation
irradiance, in the context of the CDH.50
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Fig. 3. Positions of the ﬂoats at 5-day intervals. Successive positions are connected by solid line
indicating the month. The background gray contour lines are the mean absolute dynamic heigh
Satellites Oceanographic Data (AVISO).3. Results
3.1. Movement of ﬂoats and variations in water mass and chlorophyll a
proﬁles
The two ﬂoats (designated F96 and F97;WorldMeteorological Orga-
nization identities 30096 and 30097, respectively) migrated eastward
within the latitudinal range of 32–40°N (Fig. 3). The general eastward
movement would be caused by the eastward ﬂow on the northern
ﬂank of the Kuroshio Extension, or eastward branch currents of the
Kuroshio Extension. The cross-frontal locations of the ﬂoats relative to
the current axis of the Kuroshio Extension can be determined from
the indicative temperature of the current axis, which was empirically
deﬁned as 14 °C at 200m (T200) (Kawai, 1969). Float F96migrated to ap-
proximately 150–160°E over 14 months from late May 2008. The mean
hydrographic features around the trajectory shown in Fig. 3, and the
T200 value of 11–15 °C, indicate that F96 was in a cyclonic recirculation
area north of the Kuroshio Extension (Fig. 4a). The eastwardmovement
of F97 followed a more northerly path and was more straightforward.
From July 2008 to January 2009 the T200 value for F97was 8–11 °C, indi-
cating that it moved in a zone to the north of the Kuroshio Extension.
The temperature at 100 mwas 12–15 °C, however, which is far warmer
than the indicative temperature (4 °C) proposed for the subarctic front
(Favorite et al., 1976) (Fig. 4b). Thewatermass containing F97 gradually
approached to the main Kuroshio Extension stream, typically after June
2009, as indicated by the ﬂoat positions and the increase in T200 (Figs. 3
and 4a).
Despite differences in the properties of the thermocline water, the
seasonal cycle of the ML is evident in the data from each ﬂoat (black
dots in Fig. 4). In both 2008 and 2009, the ML began to deepen after50
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Because the deepening of theML causedmixingwith the saline subsur-
facewater, the salinitywithin theML generally increased duringwinter.
Immediately following the deployment of the ﬂoats in late April for
F96 and in early May for F97 in 2008, the surface Chl near the coast
exceeded 0.5mgm−3, and then decreased in early summer. The subsur-
face chlorophyll amaximum (SCM; Fig. 5a and b) was evident in June
for F96 and in July for F97, and was maintained during summer 2008
until the deepening of ML in late autumn. Chl was apparently
homogeneous within the ML after December 2008 for F96, and after
November 2008 for F97 and this remained the case until March 2009.
Although the ﬂuctuations in Chl in spring were complex, the maximum
concentration (N0.5 mg m−3 near the surface) occurred in April 2009D
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tions are provided below. The surface concentrations exceeded
0.1 mg m−3 for 1–2 months following the maximum concentration,
and then gradually returned to the SCM. For F97, the ﬂuctuations in
Chl observed during the second year following the formation of the
SCM in 2009 (i.e., up to February 2010) were similar to those during
the ﬁrst year, as noted above (Fig. 5b).
Temporal variations in the proﬁles of Tur generally resembled those
of Chl (Fig. 5c and d). Tur increased in the surface layer in spring, formed
a subsurface maximum in summer, and deeply penetrated the ML in
winter, as was also observed for the Chl. This indicates that phytoplank-
ton contributed predominantly to the total particle concentrations in
the upper layer.201008 2009
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7 for chlorophyll a concentrations (Chl; a and b, respectively) and turbidity (Tur; c and d,
ions 0.2 and 0.5 mg m−3 for Chl and 0.08 and 0.12 NTU for Tur are shown with contour
7S. Itoh et al. / Journal of Marine Systems 151 (2015) 1–14The data for Chl and Tur are directly compared in Fig. 6. Because par-
ticles other than active phytoplankton cells possibly dominated below
the photosynthetic layer, part of which could be detected as small-
scale turbid patches (Fig. 5c and d), only the data within the PLD were
used. Although Tur generally increased with increasing Chl (Fig. 6a
and b), the relationship between Chl and Tur differed among seasons
and the Chl range, as evident in the logarithmic plots (Fig. 6c and d).
Chl and Tur were elevated in the subsurface layer in summer (June,
July, and August) and autumn (September, October, and November)
(Fig. 5), and the surface concentrations were very low. The relative
levels of Tur were high in the low Chl range (corresponding to the
layer above the SCM; typically b0.2 mg m−3), whereas the opposite
trend was observed in the high Chl range (corresponding to the SCM
layer), which is attributable to photoacclimation. In winter (December,
January, and February) and spring (March, April, and May), Chl and Tur
occurred in relatively narrow ranges. A more detailed discussion of Chl
and Tur in these seasons is presented in the next subsection.
With respect to the Chl and Tur proﬁles from autumn 2008 to spring
2009, both temporal and vertical variability occurred in the upper layer
(Fig. 7). During late autumn to early spring, Chl showedﬂuctuations that
ranged from 0.2 to 0.4 mgm−3 (Fig. 7a and b). Whereas, Chlwithin the
ML deﬁned by Δσθ= 0.025 kg m−3 was homogeneous, which was not
the case for Chlwithin the ML deﬁned using Δσθ= 0.125 kg m−3. This
result indicates that the conventional Δσθ = 0.125 kg m−3 criterion
does not always represent the turbulent surface boundary layer.Where-
as short-term variations in ML (deﬁned by Δσθ=0.025 kgm−3) some-
times detrained the lower layer that still contained Chl N 0.1 mg m−3
(e.g., February for F97), Chl in the detrained layer decayed before the
ML became deep again.
For F96, there weremarked increases in Chl in January and February,
in response to the rapid shoaling of theML. Nevertheless, Chl decreasedChl [mg m−3]
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with season and Chl level.rapidly as theMLbecamedeep again (Fig. 7a). Except for these cases, Chl
did not always increase as the MLD decreased until mid-March, as
described below. Moreover, deepening of the ML did not clearly cause
a reduction in Chl, other than in the cases noted above.
Tur ﬂuctuated from approximately 0.07 to 0.1 NTU until early spring
(Fig. 7c and d). The proﬁles of Tur were less smooth than those of
Chl, partly because the typical sensitivity of Tur with the instrument
used is 0.01 NTU. However, Tur values measured within the ML did
not show a marked vertical gradient if the ML was deﬁned by
Δσθ = 0.025 kg m−3.
To assess the proﬁles of Chl and Tur in relation to stratiﬁcation from
winter to spring, we analyzed the temporal variability in M-Chl and
I-Chl, together withM-Tur and I-Tur in relation to the ﬂuctuations in
MLD, as discussed below.
3.2. M-Chl and I-Chl from winter to spring
From early winter 2008 (early December for F96 and late November
for F97) to early March 2009 (=winter to early spring; WES), Chl and
Tur were homogeneous within the PL (effectively the ML during this
period) and relatively stable for both F96 and F97 (Figs. 8c, d, 9c
and d). The WES periods were determined diagnostically from the
vertical and temporal variability in Chl and Tur. During WES, the stan-
dard deviations (SD) for Chl and Turwithin the PL for individual proﬁles
(error bars forM-Chl in Figs. 8c, d, 9c and d)were small. The coefﬁcients
of variation (CV=SD /mean) calculated for individual Chl proﬁleswere
2%–9% and 2%–10% for F96 and F97, respectively. Similarly, for individ-
ual Tur proﬁles, the CV were 0%–8% and 3%–7%, respectively.
The temporal ﬂuctuations in M-Chl and M-Tur (ﬂuctuations of the
time series in Figs. 8c, d, 9c, and d) were also small during WES. The
temporal mean M-Chl ± SD and CV were 0.33 ± 0.045 mg m−3 andChl [mg m−3]
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tively, for F97. The temporal mean M-Tur ± SD and CV were 0.088 ±
0.007 NTU and 7.8%, respectively, for F96, and 0.083 ± 0.008 NTU and
9.0%, respectively, for F97. The estimates for M-Tur were calculated
below the measurement sensitivity of 0.01 NTU because 20–70 inde-
pendent data values (2 m interval measurements over 40–140 m in
the PLD) were used to calculate the means and SDs. Despite the short-
term increase in mid-winter, these CV values were lower than those
for the PLD itself: 34% (96 ± 33 m) for F96, and 28% (63 ± 25 m) for
F97. Although the difference was less for F97 in the second winter
(from early December to the end of the record in early February), the
CV for M-Chl (17%; 0.29 ± 0.049 mg m−3) was also less than that for
the PLD (24%; 107 ± 26 m) (Fig. 5b). The high CVs for PLD during the
WES period were not caused by variations in Z0.415, but by variations
in MLD, which was usually deeper than Z0.415 during this period.
M-PARwas b 4 mol quanta m−2 d−1 during the WES period, except
for short-term peaks in the range of 4–6mol quantam−2 d−1 thatwere
detected in January and February for F96 (Fig. 8a), and in February for
F97 (Fig. 9a). These were caused by ML shoaling (Figs. 8b and 9b). In
some of these cases, increases in M-Chl were observed (Fig. 8c, event
I; Fig. 9c, event II). Although the amplitude was moderate, increases
were also observed for M-Tur at the same time as those for M-Chl
(Figs. 8d and 9d). However, correlation coefﬁcients through the WES
period were not signiﬁcant either between PLD andM-Chl or PLD and
M-Tur (not shown).
Despite the negative relationships between PLD andM-Chl orM-Tur,
I-Chl and I-Tur responded positively to variations in PLD (Figs. 8b–d and
9b–d). Increases in I-Chl and I-Tur were observed several times when
the PLD deepened (peaks exceeding 40 mg m−2 occurred from late
January to early March for F96, and from early March to early April for
F97) before the peaks inM-Chl andM-Tur in late spring (see below).
Following the stableWES period until early March,M-Chl andM-Tur
began to increase, which was apparently related to an increase in the
M-PAR corresponding to PL shoaling, which was caused, in turn, by
ML shoaling. M-Chl for F96 exceeded 0.5 mg m−3 for the ﬁrst time
in late March 2009 (single events of N0.4 mg m−3 occurred twice
in mid-winter; Fig. 8c, event I), and remained above 0.4 mg m−3until the middle of May (Fig. 8c, event III), following an increase in the
M-PAR to 6–8 mol quanta m−2 d−1 in mid-March (Fig. 8a).M-Tur also
increased at the same time asM-Chl (Fig. 8d, event III). For F97, the tran-
sition of M-Chl from the average winter level of ~0.3 mg m−3 to
N0.4 mg m−3 was observed as three peaks from March to April 2009
(Fig. 9c, event IV), corresponding to a short-term increase in M-
PAR, which had maximum values of 6.8–8.5 mol quanta m−2 d−1
(Fig. 9a). These increases inM-PAR were primarily caused by shoaling
of the ML (Fig. 9b). M-Tur also responded positively to these events,
but with smaller amplitudes (Fig. 9d, event IV).
ThemaximumM-Chl in 2009 occurred as a sharp peak in early April
for F96 (Fig. 8c, event V), and in early May for F97 (Fig. 9c, event VI). By
convention and the deﬁnition adopted in thepresent study, these can be
regarded as spring blooms. Increased carbon ﬁxation by these blooms
was suggested by increases in Tur simultaneously with increases in
M-Chl (Figs. 8d and 9d). The interval following the WES period
until the occurrence of the spring bloom is referred to as the “period
of transition” (TR). For F96, the maximum I-Chl also occurred simulta-
neously with the maximumM-Chl (Fig. 8c), because the concentration
of phytoplankton was high within the relatively deep PL (Fig. 7a). The
peak I-Tur also occurred at the same time, but with a smaller amplitude
(Fig. 8d). For F97, I-Chl and I-Tur during the spring bloom were lower
than the short-term peaks of I-Chl that occurred from March to April,
before the spring bloom (Fig. 9c and d).
The responses ofM-Chl to the peaks ofM-PAR duringWES andTR are
directly compared in Fig. 10a and b. The increases in M-Chl cor-
responded to M-PAR values typically N4 mol quanta m−2 d−1, which
was responsible for a signiﬁcant positive correlation between M-PAR
and the M-Chl during WES for F96 (r = 0.59, p b 0.01, n = 21,
Fig. 10a) and during TR for F97 (r = 0.77, p b 0.01, n = 13, Fig. 10b).
However, no signiﬁcant relationship was observed in the data obtained
during WES for F97 and during TR for F96. Although the time series
of M-Tur also indicated moderate but positive responses to M-PAR
(Figs. 8d and 9d), the relationship was not statistically signiﬁcant
(Fig. 10c and d).
In contrast, I-Chl and I-Tur showed marked positive linear relation-
ships with PLD (Fig. 11). The correlation coefﬁcients between PLD and
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9S. Itoh et al. / Journal of Marine Systems 151 (2015) 1–14I-Chl were r = 0.96 (p b 0.01) during WES for F96 (Fig. 11a), r = 0.98
(p b 0.01, n = 22) during WES for F97 (Fig. 11a), and r = 0.95
(p b 0.01) during TR for F97 (Fig. 11b). Only the data for F96 during
TR were not signiﬁcant (r = 0.81, p = 0.10, n= 5). Similarly, the PLD
and I-Tur displayed high correlation coefﬁcients: r = 0.98 (p b 0.01)
during WES for F96 (Fig. 11c); r = 0.91 (p = 0.03) during WES for
F97 (Fig. 11c); r = 0.97 (p b 0.01) during TR for F96 (Fig. 11d); and
r = 0.88 (p b 0.01) during TR for F97 (Fig. 11d).4. Discussion and conclusions
Proﬁling ﬂoat observations of chlorophyll a ﬂuorescence in the
Kuroshio–Oyashio Extension region revealed variability in the vertical
proﬁles of Chl and Tur over time scales ranging fromweekly to seasonal,
and showed a link between the ﬂuctuations in Chl and Tur and the PLD
from winter to spring. We found a signiﬁcant positive relationship
between the PLD and I-Chl and I-Tur, with correlation coefﬁcients N
0.9 during winter. The strong linearities indicate that the variations in
M-Chl and M-Tur were relatively small, despite large ﬂuctuations in
the PLD, which predominantly reﬂected the deep MLD. However, the
positive responses of M-Chl to shoaling of the PLD were evident in
several cases, even during the WES period.These results allow us to assess the cause of the variations in the
phytoplankton biomass from winter to spring, and the applicability of
the CDH and/or DRH to this region. To arrive at our conclusions, we
ﬁrst discuss possible biases in our proﬁling ﬂoat observations conducted
with an interval of 5 days (Section 4.1) and the degree of variability in
the chlorophyll-to-carbon (Chl:C) ratio caused by variations in light
intensity (Section 4.2). Then, we assess the causes of the increases
in I-Chl with increasing MLD, based on the balance between gross pro-
duction and losses of phytoplankton biomass (Section 4.3). Finally, we
consider the validity of the CDH and DRH (Section 4.4).
4.1. Observations based on the proﬁling ﬂoats
The two proﬁling ﬂoats used in the present study were designed to
park at 40 dBar to follow currents. To acquire the vertical proﬁle data,
the ﬂoats ﬁrst descended from 40 dBar to 500 dBar and then ascended
to the surface, recording the data. They stayed at the surface until the
data of each proﬁle were transmitted to the satellite. Because of the pro-
ﬁling and surfacing for data transmission, there may have been some
differences between the movements of the ﬂoats and those of the
water parcels at 40 dBar, where the ﬂoats were parking. Although we
do not have data to evaluate this, biases would increase in the analyses
of the time series within and around the surface ML if the ﬂow of the
deep layers had a substantial effect. We assumed, however, that the
biases caused by proﬁling and surfacing were minor because the time
that the ﬂoats spent below 150 dBar is estimated to have been 5 h in
every 5 days, at most. Displacements of F96 and F97 from the upper
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2.4 ± 1.1 km and 2.6 ± 1.3 km during WES and TR, respectively, with
an assumption that difference between ﬂow velocities within and
below the ML is 50% of the 5-day mean velocity of the ﬂoat movement.
Since most of these displacements might occur in directions along
synoptic-scale currents with a typical spatial scale of O (100 km), the
ﬂoats were likely to capture same upper layer water columns in a sea-
sonal time scale. Although temporalﬂuctuations in temperature and sa-
linity were observed below the ML (Fig. 4), our assumption that the
ﬂoats followed the upper-layer water masses within the ML was not
violated.
The discussion in the above paragraph, however, does not consider
submesoscale variability along the current. As suggested by Mahadevan
et al. (2012), small-scale features of O (1–10 km), called “mixed layer
eddies” (ML eddies) with a shallow ML, are generated through
slumping of horizontal density gradient, and make the spring bloom
occur earlier than expected from the timing of ML shoaling after spring
warming. The shoaling of theML in the records of the ﬂoats could occur
either through the interleaving of an upper layer watermass containing
the ﬂoats, or the displacements of the ﬂoats from the upper layer water
(with spatial scales of 1–4 km, as mentioned above)mass caused by the
proﬁling, which are further discussed in the following paragraphs.
The ﬁrst case due to the interleaving is obviously not a one-
dimensional process, but the ﬂoats kept capturing the upper layer
water masses. Because the results of this study do not depend on the
mechanism of ML shoaling but on the response of phytoplankton to
ﬂuctuations in the ML, the relationship between the PLD (and MLD)
and Chl (and Tur) can be used to assess the response of phytoplankton
to ML shoaling. An exception is the case that the increase in the surface
Chl (and Tur) is caused by the advection of phytoplankton through the
thin surface layer above the parking depth of the ﬂoats (40 dBar). The
small difference in the M-Chl data for F96 and F97 during WES
(0.33 ± 0.045 mg m−3 and 0.31 ± 0.026 mg m−3, respectively) sug-
gests, however, that horizontal advection was not a primary factor
controlling phytoplankton concentrations in this region. Furthermore,
the increasing I-Chl and I-Turwith increasing PLD cannot simply be ex-
plained by eddy-driven stratiﬁcation that was proposed by Mahadevan
et al. (2012).
As in the second case, if ML eddies appeared or disappeared in the
upper layer at the ﬂoat positions (speciﬁed by the latitude and longi-
tude) during when the ﬂoats were below the ML, observed variations
in PLD, Chl and Tur in the upper layerwere primarily attributed to differ-
ences in these properties inside and outside theML eddies. More specif-
ically, if spatial variations in PLD around the ML eddies were large but
those of M-Chl (M-Tur) were moderate, proﬁling inside and outside
the ML eddies could reproduce linear relationships between PLD and
I-Chl (I-Tur). Although we cannot exclude this possibility, it is not
reasonable to attribute all observed PLD ﬂuctuations solely to the
submesoscale gradient. Moreover, nearly homogeneous phytoplankton
concentration with a large PLD gradient within a narrow area, if there
were (in this case with a horizontal scale of 1–10 km), is not trivial.
Given phytoplankton communities were not isolated around the ML
eddies, data sampled across the ML eddies could also be analyzed in
the context of phytoplankton response to different environments.
The two proﬁling ﬂoats provided measurements of the variabil-
ity in temperature, salinity, and Chl and Tur over time scales from
weekly to seasonal, with proﬁling intervals of 5 days. However, as
the generation time for phytoplankton is approximately 1 day, our
sampling frequency was insufﬁcient to directly investigate the
growth rate of phytoplankton. Therefore, we did not conduct anal-
yses for time derivatives of M-Chl, M-Tur, I-Chl, and I-Tur that would
directly represent production and loss rates. Nevertheless, we assume
that measured values of Chl and Tur at each instance reﬂected the
rapid response of phytoplankton to physical ﬂuctuations. Higher-
frequency measurements will be conducted in future studies to clarify
these rate processes.4.2. Chlorophyll a concentration and phytoplankton biomass
As partly evident in Fig. 6, the phytoplankton Chl:C ratio changes in
response to variations in light levels during growth optimization
(photoacclimation). We had expected that Chl:C would even change
during winter and spring in response to ﬂuctuations inM-PAR, largely
through the deepening and shoaling of the MLD. However, the positive
responses of M-Tur to M-PAR were less evident than those of M-Chl
(Fig. 10). Moreover, the correlation coefﬁcients between PLD and I-Tur
were as high as those between the PLD and I-Chl (Fig. 11). Because the
measurement resolution of Tur was relatively low, less than approxi-
mately 0.1 NTU, some of the ﬂuctuations in winter may not have been
accurately detected. Therefore, to conﬁrm the link between PLD and
phytoplankton biomass, we used an empirical formula to estimate the
inﬂuence of photoacclimation.
According to Cloern et al. (1995), the empirical formula (their
Eq. (2)) for the Chl:C ratio is:
Chl : C ¼ 0:003 þ 0:0154 exp 0:05Tð Þ exp –0:059 Ið Þ μ 0; ð3Þ
where T, I, and μ′ are the temperature (°C), irradiance (mol quantam−2-
d−1), and normalized maximum growth rate as a function of nutrient
concentration, respectively (μ′=1 if the nutrient concentration is sufﬁ-
ciently high). Using this formula, the photoacclimation modeled as the
carbon-based biomass within a deep ML was less than that expected
for a constant Chl:C ratio. The modeling results (using Eq. (3)) revealed
that the degree of change in the Chl:C ratio became increasingly impor-
tant when the nutrient concentration was sufﬁcient. UsingM-PAR and
the mean temperature within the ML, we obtained values for Chl:C of
0.003 + μ′ (0.033 ± 0.0027) for F96 and 0.003 + μ′ (0.030 ± 0.0032)
for F97; the values increased with decreasing M-PAR values. Although
nutrientmeasurements were notmade concurrently with the ﬂoat pro-
ﬁling, the climatological meanwinter surface nitrate concentration was
2–15 μmol L−1 in the areas towhich the ﬂoatsmigrated during theWES
period (Fig. 12a). The minimum concentration in this range is more
than twice that of the half-saturation constant (~1 μmol L−1) estimated
for the subarctic North Paciﬁc Ocean (Kanda et al., 1985). This implies
that nutrient levels did not strongly limit production during the WES
period. Consequently, μ′ was assigned a value of 1, which caused the
large variation in the Chl:C ratio. However, even assuming μ′ = 1, the
CVs of the modeled Chl:C ratio during the WES period were 8.2% for
F96 and 11% for F97, which do not explain the variation in I-Chl. The cor-
relations between theMLD and the carbon-based integrated biomass in
the ﬂoat data were strong and statistically signiﬁcant for both F96 (r =
0.92, p b 0.01) and F97 (r = 0.95, p b 0.01).
4.3. Balance between the production and loss terms
The results of this study for the Kuroshio–Oyashio Extension region
are consistentwith those of Behrenfeld (2010), and Boss and Behrenfeld
(2010) for the subarctic NorthAtlantic,where itwas found that thephy-
toplankton biomass within the ML increased with increasing MLD. We
used equations for the mean and integrated biomass to assess whether
the increase in the biomass was caused by grazer dilution, as hypothe-
sized by Behrenfeld (2010), and considered whether variability in graz-
ing pressure could control the winter ﬂuctuations in Chl. However, we
will ﬁnd in the following that dilution alone could not increase I-Chl.
The variations in phytoplankton concentrations in winter were ana-
lyzed froma Lagrangian frame of reference,which considered photosyn-
thesis, loss effects frommetabolism, grazing, and the dilution caused by
the deepening of theMLD. A simple formula for the speciﬁc growth rate
under light-limited conditions (without nutrient limitation) is:
1
P
dP
dt
¼ rM ¼−ΔPPh
dh
dt
þ αI0
kh
−m−βZ ð4Þ
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Fig. 12.Winter (January to March) mean nitrate concentrations derived from theWorld Ocean Atlas 2009 (Garcia et al., 2010). (a) Mean surface concentration and (b)mean zonal-mean
concentrations above 300 m, averaged over 150–160°E. The thick gray rectangles in (a) indicate that the area within which ﬂoats F96 and F97 moved from winter 2008 to spring 2009.
12 S. Itoh et al. / Journal of Marine Systems 151 (2015) 1–14where P,ΔP, Z, h, I0,m,α, andβ are the phytoplankton concentration, the
difference in P between the ML and the layer below, the zooplankton
concentration, theMLD, the light intensity (PAR) at the surface, themet-
abolic loss rate, the slope of the light–photosynthesis relationship nor-
malized by the phytoplankton concentration, and the grazing rate,
respectively. The term h was assumed to be deeper enough than 1/k
(e-folding depth of light attenuation ≪MLD ~ PLD). We assumed that
ΔP = P during deepening of the ML, when the phytoplankton-free
lower water layer was entrained to the ML, and ΔP = 0 during ML
shoaling, when the lower part of the ML, containing a homogeneous
phytoplankton concentration, was detrained.
The equation for the integrated biomass is:
1
Ph
d Phð Þ
dt
¼ rI ¼ P−ΔPð ÞPh
dh
dt
þ αI0
kh
−m−βZ: ð5Þ
The term (P − ΔP) / Ph × dh / dt equals zero when the MLD is
deepening, but equals 1 / h dh / dt (b0) when the MLD is shoaling,
which represents the cutting-off (detrainment) of the lower layer. For
a deepening ML, where initially rI = 0, h= h0, and Z= Z0:
0 ¼ αI0
kh0
−m−βZ0: ð6Þ
When the MLD increases to h1 = h0 + Δh, Eq. (6) becomes:
rI ¼ αI0kh1−m−
βZ0h0
h1
¼−Δh
h1
m: ð7Þ
Here, we assumed that the increase in h did not alter m, α, or β, and
that the grazer biomass did not change (it was simply diluted). Eq. (6)
was substituted to obtain the right-hand side of Eq. (7). As in Eq. (7),
based on the assumptions discussed above, the net growth during the
deepening of the ML was not likely to become positive, even though
grazing pressure was reduced, because photosynthesis similarly de-
creased at a rate inversely proportional to h. As a consequence of this
reduced photosynthesis and grazing, the relative importance of
the MLD-independent loss rate m increased and caused net negative
growth. It is noted that the above inversely proportional relationshipbetween the speciﬁc photosynthetic rate and h also holds for nonlinear
light-photosynthesis relationships, if hwas deeper enough than 1/k.
Because an increasingML generally causes decreasing temperatures,
the metabolic loss rate m is likely to decrease. However, our observa-
tions during the WES period revealed relatively small temperature
variations: the mean and standard deviation during this period were
16.2± 1.1 °C for F96 and 14.4± 1.8 °C for F97. Based on theQ10= 2 re-
lationship (i.e., a twofold increase in the rate of change with every 10 °C
increase in temperature),mwas set at 0.96–1.03 (96–103%) for F96 and
0.89–1.10 (89–110%) for F97, which were smaller than the MLD varia-
tions (30–70%).
Although the climatological surface nitrate concentrations in the
areas covered by the ﬂoat migration (Fig. 12a) were not lower than
the estimated half-saturation constant (Kanda et al., 1985), the deepen-
ing of the ML may have caused the nutrient concentrations within the
ML to increase through the entrainment of nutrient-rich water from
the lower layer. It is possible that the increased nutrient concentrations
enhanced photosynthesis, even if the nutrient concentrations were rel-
atively high (typically above the half-saturation constant). However, we
assumed that this effect was minor and did not explain the signiﬁcant
linear relationship between PLD and I-Chl. The climatological nutrient
concentrations indicated that the vertical gradient in the nitrate concen-
trations in the upper layer (above ~150 m) was weak during winter
(Fig. 12b). Thus, the supply of nitrate from short-term variations in
the MLD during winter below and around this level were probably
insigniﬁcant.
The results of the present study do not simply indicate that rI N 0 dur-
ing the deepening of the ML, but also show a linear relationship be-
tween the PLD and I-Chl. This is equivalent to a nearly constantM-Chl,
which requires that rM is approximately equal to 0 (Eq. (4)). Because
this does not hold in all instances, we expect more general negative
feedback for various disturbances of P; for example, an abrupt reduction
caused by the entrainment of phytoplankton-free water (dilution), or
an instantaneous increase caused by an abrupt increase in light intensi-
ty. However, a solution satisfying this requirement cannot be obtained
from Eq. (4) if only grazer dilution is considered. With respect to the
hypothesis of Behrenfeld (2010), we also observed an increase in bio-
mass with increasing MLD, which should have been caused by the effect
of reduced loss, but grazer dilution alone cannot explain this relationship.
13S. Itoh et al. / Journal of Marine Systems 151 (2015) 1–14Although an analogy to the dilution experiment in a bottle (Landry and
Hassett, 1982) was proposed by Behrenfeld (2010), this may not be ap-
propriate for the ocean. The deepening of theMLD causes grazer dilution,
but in contrast to what occurs in the bottle, it also causes a reduction in
the mean light intensity.
The general formula for P stabilization (negative feedback) requires
that drM / dP b 0 for rM deﬁned in Eq. (4). In addition to the grazer dilu-
tion that occurs during the deepening of the ML, which satisﬁes−dZ /
dP b 0, the following can also apply (see Eq. (4)): dα / dP b 0 for
photoacclimation (in response to the deepening of the ML that instan-
taneously reduces P) and the self-shading of phytoplankton; dk/dP b 0
and −dm / dP b 0 for coagulation; and −dβ / dP N 0 for the Holling
type III functional response of grazers (Holling, 1966). Self-shading
and coagulation are not usually likely to contribute to dr/dP becoming
negative in winter, because P is relatively low. Although our data sug-
gest that photoacclimationmight alter the Chl-C ratio by approximately
10% in response to ML variations fromwinter to early spring, this effect
alone cannot account for the stability of P. If grazers follow the Holling
Type-III response, so that they reduce their attack rate with decreasing
prey concentrations, this will become signiﬁcant in conditions of low
prey availability.
We assume that the results of the numerical experiments by Yoshie
et al. (2003) and Behrenfeld et al. (2013a) reproduced the positive rela-
tionship betweenMLD and phytoplankton biomass because the grazers
were diluted by ML deepening, but also because the models they used
employed the Holling Type-III response. The NEMURO model used by
Yoshie et al. (2003) assumes a grazing threshold (the minimum phyto-
plankton concentration below which zooplankton grazing does
not occur) (Kishi et al., 2007), and the CCSM–BEC model used by
Behrenfeld et al. (2013a) uses a sigmoidal equation for grazing
(Moore et al., 2004). However, because we have no evidence yet that
this occurs in the Kuroshio–Oyashio Extension region, further observa-
tions and experiments are required to evaluate this possibility.
4.4. CDH or DRH
Based on our observations, the phytoplankton biomass represented
by I-Chl increased beforeML shoaling in spring in the Kuroshio–Oyashio
Extension region. We agree with the main point of Behrenfeld (2010)
that a reduction in loss is expected to play a major role in this phenom-
enon,which differs from the premise of theCDH that an increase in pho-
tosynthesis causes net growth. Nevertheless, the CDH should not be
abandoned on this point alone. Because CDH is a hypothesis for the
timing of the initiation of the spring bloom, in particular the rapid
increase in the phytoplankton concentration that usually occurs in
spring, this hypothesis should not be rejected completely unless it can
be conﬁrmed that increasingphotosynthesis in spring is not the primary
factor controlling the increase in net growth. Furthermore, our results
do not entirely support the DRH, because dilution alone is unlikely to
increase the integrated biomass.
As noted above, the linear relationship between the PLD and I-Chl
or I-Tur during the WES period indicates that there are only small
variations in M-Chl and M-Tur compared with the variations in
MLD, which is thought to be stabilized by grazing pressure. Whereas,
an increase inM-Chl in response to the increase inM-PAR (reduction
in the MLD) was observed, typically when M-PAR increased beyond
4 mol quanta m−2 d−1. These events occurred mainly during TR,
but on three occasions (two for F96 and one for F97), similar events
were observed during the WES period (Figs. 8–9). We assume that
negative feedback is dominant only if gross production is low. The
two shoaling events for F96 during theWES period could not be detect-
ed using the conventional MLD criterion of Δσθ=0.125 kgm−3. There-
fore, the early bloom in surface Chl detected by Behrenfeld (2010)
(besides the increase in integrated biomass in mid-winter)
was possibly related to their criterion for calculating the MLD (Δσθ =
0.125 kg m−3).It has been suggested that grazing pressure controls the phytoplank-
ton biomass from winter to early spring, whereas increased photosyn-
thesis increases the phytoplankton concentration in both spring and
winter. How then do these two effects contribute to the spring
bloom? The complexity of this issue is related to an implicit, but not
necessarily correct, assumption that the phytoplankton biomass in-
creases consistently from winter to spring. Behrenfeld (2010) and
Boss and Behrenfeld (2010) drew a distinction in the deﬁnition of net
growth rate between the periods of MLD deepening and shoaling. The
use of concentration (mg m−3 d−1) rather than integrated biomass
(mg m−2 d−1) in the shoaling phase is partly justiﬁed (Behrenfeld
et al., 2013b), because a cut-off lower layer generally does not contrib-
ute to the accumulation of biomass. However, these two rates represent
different quantities (Chiswell, 2013). In the present study, I-Chl and
I-Tur generally increased with increasing MLD, so the shoaling of
the MLD in spring did not lead to a continuous increase in I-Chl or
I-Tur. Therefore, it is inappropriate to simply regard the increase in
biomass during winter as the initiation of the spring bloom, as
Behrenfeld (2010) does.
Although the production-driven (e.g., the CDH and critical turbu-
lence hypothesis) and loss-driven hypotheses (e.g., the DRH and the
Holling Type-III response) are fundamentally different theories, the
present study suggests that no single hypothesis exclusively explains
the period fromwinter to spring in the Kuroshio–Oyashio Extension re-
gion. The loss term should contribute to the rapidity and magnitude of
blooms, even during the late spring. Changes in community structure
in response to light levels, for both phytoplankton and zooplankton,
might occur during TR before the spring bloom, in which case it will
be necessary to move beyond Sverdrup's CDH.
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